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A three-dimensional (3D) Euler-Euler gas-liquid two-phase mathematical model
was developed for simulating the local transient fluid flow in a gas-induced pulsating
flow bubble column using computational fluid dynamic (CFD) method, with multiple
size group (MUSIG) model implemented to predict the bubble size distribution. Model
simulated results such as local transient axial liquid velocities and time-averaged liquid
turbulent kinetic energy distributions were validated successfully by corresponding ex-
perimental measurements under varied operating conditions, i.e. pulsating amplitudes
and frequencies. It was found that the liquid turbulent kinetic energy increased with the
increase in pulsating amplitude and frequency, and a maximum value appeared at an
axial position of Z = 0.4 m, centerline of the column. Furthermore, local transient fluid
flow characters such as the gas holdups, gas velocity fields and liquid velocity fields, as
well as bubble size distributions were predicted reasonably by the proposed model.
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Introduction
It is well known that superimposing fluid pulse
in a reactor can improve fluid mechanical condi-
tions and alter flow patterns within the device, and
consequently, achieve an enhanced phase mixing,
which then leads to an improved mass and heat
transfer performance.1–3 Thus the pulsating flow
would have good potential in applications in chemi-
cal and biochemical industries such as oxidation
and hydrogenation reactions, fine chemical produc-
tions, pharmaceutical synthesis, VOCs (volatile or-
ganic compounds) and wastewater treatments, and
so forth.
The oscillatory baffled reactor is a newly de-
veloped mixing device and has been studied in
gas-liquid systems based on the methodology of su-
perimposing periodic fluid oscillations onto a cylin-
drical column containing evenly spaced orifice baf-
fles.2,4 Fluid oscillation was achieved by means of a
piston or bellows at the base of the column, or by
moving a set of baffles up and down. It was found
that the volumetric mass transfer coefficients kla in
the pulsating baffled reactor were much higher than
those obtained under the steady state. Knopf et al.3
studied bubble properties as well as mass transfer
coefficients in a pulsating bubble column at low
amplitudes and modest frequencies (0–30 Hz).
Krishna and Ellenberger5 applied low frequency
vibration to the liquid phase of an air-water bubble
column with a louder speaker, where improvement
of kla was achieved by 30~100 %, depending on
the operating gas velocities. Godó et al.6 investi-
gated periodical change of input air flow rate
with a cycle of 15–30 min in an airlift bioreactor
during citric acid fermentation. They found that
when keeping the reactor in an unsteady state, it
was operated more efficiently with increased
dissolved oxygen even with high viscous fermenta-
tion broth.
All of the above studies are focused on the
macroscopic view of the effect of pulse on reactor
performance, such as mass transfer and/or gas bub-
ble properties. Because of the lack of advanced
measuring technologies, it is difficult to know the
local, transient and microscopic hydrodynamics in a
more detailed mode, resulting in very scarce litera-
ture in this field. However, understanding these
characteristics is of great importance in reactor op-
timal design, operation, and scale-up.
In recent years, the computational fluid dy-
namic (CFD) method has become a widely ac-
cepted technique for multi-phase process simula-
tion, which provides a detailed prediction and un-
derstanding of the hydrodynamics, to the benefit of
design and optimization of bubble columns and
other reactors. However, as far as we know, it has
not yet been applied to the gas-induced pulsating
flow bubble column.
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The purpose of this study is to develop a
three-dimensional (3D) Euler-Euler two-fluid tran-
sient CFD model for the gas-induced pulsating flow
bubble column, with multiple size group (MUSIG)
model7–9 implemented, in the aim of predicting the
fluid flow characters such as local transient gas
holdups, gas velocity fields, liquid velocity fields




A schematic diagram of the experimental appa-
ratus of a Plexiglas square cross-sectional bubble
column is shown in Fig. 1a. The column has a
square cross-section of 0.2 × 0.2 m and a total
height of 1.2 m. Distilled water acting as the liquid
phase was operated under a batch condition with a
static liquid height of 0.6 m. Air was produced by a
compressor and then introduced into the bubble col-
umn through a square stainless steel perforated
plate with a width of 50 mm. The distribution plate
contained 625 holes with a diameter of 0.5 mm,
which was centrally located at the bottom of the
column.
In this experiment, air was divided into two
routes (namely, base flow and pulsating flow), and
each route was controlled and measured by a rotor
flowmeter. One route acting as the base flow was
introduced into the bubble column continuously;
the other was regulated by a pulse exciter and then
introduced into the bubble column periodically. A
schematic view of the square-wave pulsating air
flowing into the bubble column is presented in
Fig. 1b. It can be noted that there are three parame-
ters for the characterization of the pulsating air
flow: the pulsating cycle T, and the pulsating ampli-
tude, consisting of a base air flow and a pulsating
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F i g . 1 – a: Schematic diagram of the apparatus; b: Sche-
matic representation of the cycled gas feedings
air flow. The pulsating “on” time tp (opening state)
and the pulsating “off” time tb (close state) were set
to be equal to T/2. In this mode, a square-wave cy-
cled pulsating gas feeding was achieved. The pul-
sating cycles were set as 0.2, 0.4 and 0.8 s, corre-
sponding to the pulsating frequencies of 5, 2.5 and
1.25 Hz, respectively.
Local liquid velocity measurement
Quantitative liquid velocity measurement was
performed with a Dantec three-dimensional laser
Doppler Anemometer (LDA) working in the back-
ward scattering mode. Laser light was provided by
a 5 W water-cooled Argon-ion laser and a beam
separator was used to generate three pairs of laser
beams with wavelengths of 476, 488 and 514.5 nm
respectively, in order to measure the three velocity
components simultaneously. More details can be
found in a previously published paper in our lab.10
All the experiments were repeated three times while
the data shown in corresponding figures were the
averaged ones. Relative standard deviations of the
experimental data were all within ±3 %.
Numerical simulation setup
and procedure
In the present study, the unsteady flow in the
gas-induced pulsating flow bubble column was
modeled using a full-dimensional Euler-Euler
gas-liquid two-phase CFD model. MUSIG model
was implemented to take into consideration of the
non-uniform bubble size distribution including bub-
ble coalescence and break-up effects. Bubbles with
diameter ranging from 1 to 15 mm observed in the
experiments under the investigated operating condi-
tions were divided into 10 groups based on the
equal diameter discretization method (Table 1). In-
stead of considering 10 different phases separately,
all the bubble groups were assumed to move at the
same mean velocity.7,11 Therefore, 1 momentum
and 10 continuity equations were to be solved for
the gas phase while 1 momentum and 1 continuity
equation for the liquid phase.
Governing equations
In the Euler-Euler two-phase CFD model, mass
and momentum balance equations are solved for
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where g and l, the gas phase and liquid phase vol-
ume fractions, are related by the following summa-
tion constraint:
 g l  1 (5)
and in eq. (2), Si is the source term due to bubble
break-up and coalescence of the ith bubble group
(i = 1, …, 10); fi is defined as the size fraction of
the ith bubble group, which has a relationship with
the gas holdup as follows:
n V fi i g i  (6)
where ni is the number density of the ith bubble
group, and Vi is the volume of the ith bubble group.
The bubble Sauter mean diameter based on the cal-
culated values of the scalar fraction fi and discrete









Bubble break-up and coalescence models
In bubble columns, the initial bubble size is de-
termined by its formation at the distribution plate.
However, these initial bubbles may not be stable
due to turbulence, interfacial instability and wake
entrainment as the flow develops in the column. In
all cases, the bubble size is further determined by a
break-up and coalescence mechanism. In order to
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T a b l e 1
– Bubble group diameter discretization in the simulation
Bubble group i 1 2 3 4 5 6 7 8 9 10
Bubble diameter/mm 1.7 3.1 4.5 5.9 7.3 8.7 10.1 11.5 12.9 14.3
predict the bubble size distribution in a gas-liquid
flow, population balance equations (PBEs) can
be used.12–14 At the right side of eq. (2), the
source term Si for the ith bubble group is given
by:
S B D B Di break up break up coalescence coalescence 	  	  (8)
where the last four terms of this equation represent
the birth rate B and death rate D due to break-up
and coalescence. The bubble break-up and bubble
coalescence kernels have been provided in detail in
a previously published paper of our lab,15 and the
case is the same for the interface force and turbu-
lence closure models,10 thus they were not repeated
here.
Boundary conditions
The boundary conditions at the inlet were de-
fined as follows:
u Q t S
u u
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Qg,inlet(t) is the gas volumetric flow rate which
varies with time t in a form of square wave as
shown in Fig. 1b. Under the condition of the un-
steady operation, Qg,inlet(t) is described as:
Q t Q Q step f tg inlet b p, ( ) (sin ( ))   2 (10)
where Qb and Qp are the volumetric flow rates of
the base flow and pulsating flow, respectively; f is

















In this study, a constant base flow rate of
0.18 m3 h–1 was used to make flow normally
fluidized while minimizing the effect of the base
flow as much as possible. The pulsating flow rates
were set to be 1.37, 1.94 and 2.52 m3 h–1. Superfi-
cial gas velocities (defined as ug = (Qb + 0.5Qp)/SBC)
representing the pulsating amplitude were 0.006,
0.008 and 0.01 m s–1, correspondingly.
Bubble diameter at the distribution plate is
assumed to be uniform and was calculated by
the correlation presented by Miyahara et al.16 As
d uo g inlet l







 in this study (where do is the
diameter of the orifice and ug,inlet is the superficial
gas velocity at the distribution plate), the size of




















Along the walls, no-slip boundary was applied
for the liquid phase, while free-slip boundary was
used for the gas phase. At the outlet of the column,
a degassing boundary was defined, which allows
only the gas phase to escape.10
Numerical implement
In order to numerically solve the system of par-
tial and ordinary differential equations presented
above, “High-Resolution” discretization of the
equations was carried out using a finite volume
scheme with a coupled multigrid solver as imple-
mented in the CFD code CFX-5.6. A full-implicit
scheme technology was used by solving the full hy-
drodynamic system of equations simultaneously
across all grid nodes. An unstructured numerical
grid has been implemented with an average grid
size of 10 × 10 × 20 mm, corresponding to a total
number of 12 000 cells. To save computing time, a
time-stepping strategy was used in the transient
simulations based on the suggestion of Krishna et
al.17 400 × 0.005 s, 1000 × 0.01 s, 1000 × 0.02 s,
1000 × 0.05 s, and for the rest time of total 150 s a
time step length of 0.1 s was used. A RMS conver-
gent goal of 1 · 10–4 was specified for all variables
calculated in this study.
Results and discussion
Effect of operating conditions
It is known that turbulence plays a very impor-
tant role in multiphase mass transfer, heat transfer
and phase mixing. Turbulent kinetic energy k of the
liquid phase can be calculated from the following
equation:18

























where ui represents the liquid velocity components
u, v and w, respectively; ui(j) is the local transient
liquid velocity components at time j; and N is the
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total number of samples in the sampling period.
The results from LDA measurements are time series
of transient velocity of the liquid phase. It allows
measuring all of the three components (X-Y-Z) of
the liquid velocity simultaneously at one point.
Thus, it is possible to use liquid turbulent kinetic
energy for the characterization of the turbulence
properties in this gas-induced pulsating flow bubble
column.
Effects of pulsating amplitude
Fig. 2a shows the effect of pulsating amplitude,
represented by superficial gas velocity ug, on
the time-averaged turbulent kinetic energy k at pul-
sating frequency of 1.25 Hz and axial position
Z = 0.4 m. It can be seen from the figure that
the turbulent kinetic energy radial distribution pro-
files are parabolic and the peak values appear in the
central regime of the bubble column, where the ris-
ing bubbles and bubble wakes pass through. It is
also noted that the turbulent kinetic energy in-
creases with the increase in superficial gas velocity.
Similar results can be found in Cui and Fan’s18
study under the bubbly flow at low superficial gas
velocities.
Effect of pulsating frequency
The local time-averaged turbulent kinetic en-
ergy is also affected by the pulsating frequency as
can be noted from Fig. 2b. It indicated that the tur-
bulent kinetic energy increases with the increase in
pulsating frequency under superficial gas velocity
of 0.01 m s–1. This is mainly due to the faster peri-
odical alternation of the gas feeding on and off
states under higher pulsating frequency, which in-
troduces more intensive turbulence on the liquid
phase. However, it is worth noting that the turbulent
kinetic energy at pulsating frequency f = 1.25 Hz
is a little lower than that obtained under the
steady state. This may be attributed to the higher
energy dissipation at lower pulsating frequency
with longer time interval between the feeding on
and off states.
Effect of axial position
A typical result of the local time-averaged tur-
bulent kinetic energy as a function of the axial posi-
tion at the same pulsating amplitude and frequency
is shown in Fig. 2c. It implies that the liquid phase
is accelerated by the rising bubbles. Turbulent ki-
netic energy increases with the increase in axial po-
sition at lower part of the bubble column where
fluid flow develops. However, at upper part of the
column, where gas-liquid phase separation takes
place, the turbulent kinetic energy decreases, and
the distribution profile becomes flatter, which is
mainly attributed to the momentum transfer and en-
ergy dissipation in the liquid phase. Hence a maxi-
mum turbulent kinetic energy appears at the center-
line of the column at an axial position of Z = 0.4 m,
or Z/D = 2.
Quantitative comparison between experiment
and simulation
Quantitative comparison between the experi-
mental and simulated local time-averaged liquid
turbulent kinetic energy of the gas-induced pulsat-
ing flow bubble column are also presented in Fig. 2.
It is clearly shown that the simulated values are in
reasonable agreement with the corresponding data
form LDA experiment. However, the above analy-
sis does not represent the transient turbulent struc-
ture of the flow which plays an important role in
multiphase system performance. Therefore, it is of
great importance to make a comparison of the tran-
sient flow behavior between the experimental data
and the simulated results.
Fig. 3 shows the time-dependent fluid flow of
the axial liquid velocity under varied operating con-
ditions. It is noted that the velocity fluctuation con-
sists of a low-frequency part induced by the bubble
swarm waggling and a high-frequency part caused
by the pulsating gas feeding. The quantitative com-
parison of the experimental data and the simulated
results was carried out at a certain point (X = 0 m,
Y = 0 m, Z = 0.4 m). A Fast Fourier Transformation
(FFT) was applied to the experimental time series
data in order to separate the relative low-frequency
part caused by the bubble swarm waggling and gas
pulsating from the extremely high-frequency fluctu-
ation caused by phase turbulence.
The liquid velocity fluctuation caused by the
pulsating gas feeding is clearly represented in the
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F i g . 2 – Effect of a: pulsating amplitude (f = 1.25 Hz and
Z/D = 2.0), b: pulsating frequency (ug = 0.01 m s
–1 and Z/D = 2.0),
c: dimensionless axial position (ug = 0.01 m s
–1 and f = 1.25 Hz)
on the local time-averaged liquid turbulent kinetic energy
upper part of Fig. 3. It is shown that the fluctuation
amplitude increases with the increase in superficial
gas velocity; while for the low-frequency part
caused by the bubble swarm waggling, it also in-
creases. Especially, for ug = 0.006 m s
–1, flow is
more uniform with flatter velocity distribution
profile and fewer large peaks. When operating
under different pulsating frequency at the same
superficial gas velocity as shown in the lower part
of Fig. 3, the low-frequency fluctuations caused by
the bubble swarm waggling appear to have similar
shapes with each other. However, the high-fre-
quency fluctuations caused by the pulsating gas
feeding seem to be attenuated by the faster “on and
off” alternation with the increase in pulsating fre-
quency.
It is noted that there is some difference be-
tween the experimental data and the simulation re-
sults, the reasons are as follows: 1) the transient ve-
locity fluctuation is greatly influenced by the bub-
ble swarm waggling, which is rather random in the
bubble column, so it is difficult for the peaks to ap-
pear at the same time in the two curves; 2) the
high-frequency fluctuation in the simulated curve is
caused by the pulsating gas feeding, while the LDA
results are not only influenced by operating condi-
tions, but also sampling frequency of the equip-
ment; FFT may also introduce some errors during
the process.
Nevertheless, some parts of the two curves
agree very well as can be seen from the figure, and
the values are almost in the same magnitude. Gen-
erally speaking, the modeling results of the local
time-averaged turbulence properties and transient
flow behaviors both show reasonable good agree-
ment with the experimental data.
Bubble properties
Local transient bubble size distribution
snapshots at t = 60 s under ug = 0.01 m s
–1 and
f = 1.25 Hz are represented in Fig. 4. It is shown
that bubbles with diameters smaller than 8.7 mm
(group 6) mainly occupy the whole bubble column.
As group 3 (d3 = 4.5 mm) contains the initial bub-
bles from the distribution plate, its volume fraction
is the largest and it mainly occupies the bottom of
the column. It breaks up and coalesces when rising
in the column, and many new smaller or larger bub-
bles form as a result. As can be concluded from the
snapshots, coalescence is the main effect of the
bubble reaction. The volume fraction of smaller
bubbles (d < 4.5 mm) is relatively small and they
mainly occupy the near-wall and upper section of
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F i g . 3 – Local transient liquid velocity comparison of FFT-filtered experimental data and simulation results at a certain position
(X = 0 m, Y = 0 m, Z = 0.4 m) under different superficial gas velocities (f = 1.25 Hz) and pulsating frequency
(ug = 0.01 m s
–1)
the column. Most of them are brought back to the
bottom by the liquid recirculation. The larger bub-
bles (d > 4.5 mm), however, are mainly con-
centrated at the center of the bubble column, espe-
cially for group 4 (d4 = 5.9 mm) and group 5
(d5 = 7.3 mm).
The time- and column volume-averaged bubble
size distributions under different operating condi-
tions are shown in Fig. 5. For different pulsating
amplitude of ug at a constant pulsating frequency of
f = 1.25 Hz, the bubble size distribution profiles be-
come sharper and narrower with the decrease in ug.
While for the increase in pulsating frequency with
ug being equal to 0.01 m s
–1, the distribution pro-
files tend to broaden significantly and two peaks
appear for a higher frequency of 5 Hz. Krishna and
Ellenberger5 reported that the churn-turbulent flow
could be characterized by a bimodal bubble size
distribution. Thus it indicates that a transition from
homogeneous bubbly flow regime to churn-turbu-
lent flow regime occurs under the high intensive
pulsating state with f = 5 Hz. This flow pattern tran-
sition could also be observed during the experi-
ment. Therefore it can be concluded that the im-
posed pulse can lead to an extension of churn-tur-
bulent flow regime even under relatively low gas
velocities.
Model prediction
It is very important and necessary for the
applied CFD model to be used for the prediction
of the local transient flow behaviors of the square
cross-sectional two-phase gas-induced pulsating
flow bubble column. Snapshots of the gas holdups,
gas velocity fields and liquid velocity fields at
t = 30.0, 30.4, 30.8 and 100 s are shown in Fig.
6a-c, respectively. It can be seen that flow was
driven by both the periodical gas pulse and bubble
swarm waggling through the column in an oscilla-
tory manner. Large vortices alongside the bubble
swarm are induced not only in liquid velocity fields
but also in gas velocity fields; it is also worth
noting that there are usually two vortices in the for-
mer one. Many small bubbles were carried down-
ward to the bottom of the column by liquid
recirculation.
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F i g . 4 – Local transient bubble size distribution snapshots (t = 60 s, ug = 0.01 m s
–1 and f = 1.25 Hz)
F i g . 5 – Time- and volume-averaged bubble size distribu-
tions under different operating conditions
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F i g . 6 – Model prediction of a: gas holdups, b: gas velocity fields, c: liquid velocity fields at t = 30, 30.4, 30.8 and 100 s, respec-
tively (ug= 0.008 m s
–1, and f = 1.25 Hz)
Conclusion
In this study, a three-dimensional CFD model
for prediction of flow patterns in the gas-induced
pulsating flow bubble column is developed. In par-
allel, experimental investigation of a gas-induced
pulsating flow has been performed in a square
cross-sectional bubble column. The local hydrody-
namic performance such as the transient axial liquid
velocity and the turbulent structure characterized by
the liquid turbulent kinetic energy were measured
and simulated systematically with different pulsat-
ing amplitude represented by superficial gas veloc-
ity and pulsating frequency. The model is quantita-
tively validated by the experimental data of the
measured turbulent kinetic energy and the transient
axial liquid velocity. The results show that the tur-
bulent kinetic energy increased with the increasing
in pulsating amplitude and frequency, and a maxi-
mum value appeared at the centerline with Z/D = 2
of the column. Based on the validated CFD model-
ing approach, the bubble size distributions under
different operating conditions were uncovered
which provides the important evidence that im-
posed pulsating may lead to extension of churn-tur-
bulent flow regime even at relatively low gas veloc-
ity. In addition, the transient flow structures, such
as the gas holdups, gas velocity fields and liquid
velocity fields, were predicted by this model, which
would provide a direct view on the flow perfor-
mance as well as important information on strate-
gies of operation optimization, reactor design and
scale up process of the gas-induced pulsating flow
bubble column.
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N o m e n c l a t u r e
B 	 birth source, kg m–3 s–1
D 	 death source, kg m–3 s–1, in eq. (8)
D 	 diameter of the column, m
D 	 diameter, m
dS 	 bubble Sauter mean diameter, m
F 	 pulsating frequency, Hz
fi 	 ith bubble group size fraction, dimensionless
G 	 gravitational acceleration, 9.81 m s–2
k 	 turbulent kinetic energy, cm2 s–2
MI 	 interface force between the gas phase and sus-
pension phase, N m–3
n 	 number density, m–3
p 	 pressure, Pa
Q 	 volumetric flow rate, m3 s–1
S 	 source term, kg m–3 s–1
Sinlet 	 area of gas inlet, m
2
T 	 pulsating cycle, s
t 	 time, s
tb 	 pulsating “off” time, s
tp 	 pulsating “on” time, s
ug 	 superficial gas velocity, m s
–1
u 	 velocity vector, m s–1
u 	 velocity at X-direction, m s–1
V 	 volume, m3
v 	 velocity at Y-direction, m s–1
w 	 velocity at Z-direction, m s–1
X, x 	 X-direction position, m
Y, y 	 Y-direction position, m
Z, z 	 Z-direction (axial) position, m
G r e e k l e t t e r s
 	 volume fraction, dimensionless

 	 viscosity, Pa · s
 	 density, kg m–3
 	 surface tension, N m–1
S u b s c r i p t s
B 	 bubble
BC 	 bubble column
b 	 base flow
eff 	 effective
g 	 gas phase
i 	 ith bubble group
inlet 	 gas inlet
l 	 liquid phase
o 	 orifice
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